Multi-antenna non-orthogonal multiple access (NOMA) is a promising technique to significantly improve the spectral efficiency and support massive access, which has received considerable interests from academic and industry. This article first briefly introduces the basic idea of conventional multi-antenna NOMA technique, and then discusses the key limitations, namely, the high complexity of successive interference cancellation (SIC) and the lack of fairness between the user with a strong channel gain and the user with a weak channel gain. To address these problems, this article proposes a novel spatial modulation (SM) assisted multi-antenna NOMA technique, which avoids the use of SIC and is able to completely cancel intra-cluster interference. Furthermore, simulation results are provided to validate the effectiveness of the proposed novel technique compared to the conventional multi-antenna NOMA.
I. INTRODUCTION
To meet the exponential growth of mobile data traffic, future mobile networks are expected to deliver a 1, 000-fold capacity increase compared to the current wireless networks. To make the full use of the current spectrum resource, it is imperative to develop spectral efficient technologies. In this context, non-orthogonal multiple access (NOMA), with huge potential of significantly boosting up the spectral efficiency, has received considerable attentions from both academia and industry recently [1] , [2] . For instance, multiuser superposition transmission (MUST), a downlink version of NOMA, has been proposed for the 3rd generation partnership project long-term evolution advanced (3GPP-LTE-A) networks. Furthermore, NOMA is also widely recognized as a key enabling technique for the fifth generation (5G) mobile systems.
In contrast to the conventional orthogonal multiple access (OMA) such as time division multiple access (TDMA), frequency division multiple access (FDMA), and code division multiple access (CDMA), where each user occupies a distinct time/frequency/code channel, NOMA allows multiple users to share the same time/frequency/code channel through superposition coding. Thus, NOMA has the potential to substantially improve the spectral efficiency as well as support massive access, which are two key requirements of 5G. On the other hand, the use of superposition coding results in severe multiuser interference at the receivers. To mitigate the inter-user interference, successive interference cancellation (SIC) is usually performed at the receiver by exploiting the signal strength gap between different users in the power domain [3] . However, the implementation of SIC incurs a high computational complexity. For instance, the user with the strongest channel gain needs to cancel all the other users' interference, hence, if the number of users is large, the complexity of SIC is prohibitive. In addition, interference cancellation could be imperfect in practice, which results in error propagation and performance degradation. Responding to this, user clustering has been proposed for the NOMA systems, where several users are grouped into a cluster, within which SIC is performed [4] . To deal with the inter-cluster interference, multi-antenna NOMA appears to be a promising solution [5] . In particular, by exploiting the available channel state information at the transmitter (CSIT), spatial beamforming can be applied to effectively mitigate the inter-cluster interference.
While multi-antenna NOMA has significantly reduced the complexity at the user end, the use of SIC within each cluster still poses a significant challenge for many practical wireless systems, such as internet of things (IoT), where massive number of low-cost wireless devices with limited computational power is not able to perform sophisticated operations. In addition, the use of SIC implies strong intra-cluster interference for the users with weak channel gains, hence, it is difficult to guarantee user fairness. In an effort to circumvent the above issues in conventional multiantenna NOMA systems, this article proposes a new spatial modulation (SM) assisted multiantenna NOMA technique. For more details about the conventional SM, please refer to [6] , [7] . Some previous researches have applied the SM techniques in the NOMA systems [8] , [9] . However, these works are the combination of SM and the conventional NOMA. Thus, the challenges faced by the conventional NOMA, such as SIC and user fairness, also exist. In contrast, the proposed SM assisted multi-antenna NOMA technique is designed based on a novel SM technique, which avoids the use of SIC and improves user fairness. 1 Specifically, the proposed technique partitions the users into different pairs, and each pair shares a common channel by using a novel SM technique, which only requires a simple receiver and is able to completely avoid intra-cluster interference. The advantages of the proposed SM assisted multi-antenna NOMA technique are two-fold:
1) It avoids the use of SIC and thus has much lower computational complexity compared to the conventional multi-antenna NOMA.
2) It completely removes the intra-cluster interference, hence improves the performance and guarantees user fairness.
The rest of this article is organized as follows. In Section II, the basic concepts of the conventional multi-antenna NOMA technique are presented. In Section III, we introduce in detail the SM assisted multi-antenna NOMA technique, and present simulation results to illustrate its performance. In Section IV, we point out the key challenges and important future directions.
Finally, we conclude this article in Section V.
II. CONVENTIONAL MULTI-ANTENNA NOMA
Combining multi-antenna and NOMA is an effective mean to satisfy the stringent requirements of high spectral efficiency and massive access. As such, many research efforts have been made in designing various multi-antenna NOMA techniques. Among which, a common multi-antenna NOMA technique is that users in a cluster share the same spatial beam, and SIC is only performed within the cluster [11] . Besides, spatial beams and transmit powers are jointly optimized to mitigate both inter-cluster and intra-cluster interference. To better understand the advantages and problems, we provide a brief introduction of conventional multi-antenna NOMA in this section.
Consider a downlink communication scenario, where a base station (BS) equipped with N t antennas communicates with K single-antenna users as illustrated in Fig. 1 
B. User Clustering
In traditional power-domain NOMA systems, each receiver performs SIC to remove the interuser interference in order to improve the quality of the received signal. However, if the number of users K is large, the computational complexity of SIC quickly becomes unbearable, and the residual interference after SIC can be still very strong for users with weak channels. To tackle this issue, user clustering, where users are grouped into distinct clusters, is proposed, and SIC is only carried out within each cluster. User clustering not only decreases the complexity of SIC, but also alleviates the residual intra-cluster interference due to reduced number of users within a cluster. However, the above advantages come at the price of introducing inter-cluster interference.
Therefore, the key of user clustering is to achieve a fine balance between intra-cluster interference and inter-cluster interference by appropriately adjusting the number of clusters and the number of users in each cluster.
C. Superposition Coding
In layman's term, superposition coding is equivalent to a weighted sum of the user signals with transmit powers being the weights. However, superposition coding is more complicated in multi-antenna NOMA systems due to the requirement of joint design of the spatial beamforming vectors and transmit powers. Specifically, transmit beamforming is used to suppress the intercluster interference. With sufficient number of BS antennas and full CSI, simple zero-forcing beamforming can completely remove the inter-cluster interference. Afterwards, power allocation is used to further decrease intra-cluster interference. However, since the users in a cluster share the same spatial beam, the effective channel gains of users may be affected. Thus, a joint design of spatial beams and transmit powers is of critical importance to improve the performance of multi-antenna NOMA systems.
D. Successive Interference Cancellation
SIC is a key technique of traditional power-domain NOMA system for performance improvement. In particular, after receiving the superposition coded signal, each user first decodes the signals of the users with weaker channel gain in the same cluster, then removes the interference from these weak users before demodulating its own signal. Thus, the user with the strongest channel gain is required to cancel all intra-cluster interference leading to a high SIC complexity.
While the user with the weakest channel gain has a low implementation complexity, but receives interference from all the other users in the same cluster. Therefore, there are significant difference between the achievable rates of different users.
III. SPATIAL MODULATION ASSISTED MULTI-ANTENNA NOMA
As discussed above, conventional multi-antenna NONA systems mainly exploit superposition coding to realize channel sharing, and adopt SIC to mitigate intra-cluster interference. However, the implementation of superposition coding and SIC has high computational complexity. Thus, it is of paramount importance to devise a low-complexity multi-antenna NOMA technique. Motivated by this, we propose a novel spatial modulation (SM) assisted multi-antenna NOMA technique in this section. We first start with a simple two-user multi-antenna NOMA technique, then extend it to a general multiuser case and discuss the associated key techniques. Finally, we show the performance of the proposed SM assisted multi-antenna NOMA technique by numerical simulations.
A. Two-User SM Assisted Multi-Antenna NOMA
Prior to the design of SM assisted multi-antenna NOMA technique, we first provide a brief introduction of the basic concept of conventional SM.
A distinct characteristic of SM is that it allows additional information being conveyed through antenna selection, and thus the overall spectral efficiency can be improved [7] , [12] . Specifically, SM maps the information bits into two information carrying units: (1) a symbol that is chosen from a constellation diagram and (2) the index of the selected antenna for transmission. To clarify the conventional SM, let us consider a simple point-to-point SM communication system as depicted in Fig. 2 , where a BS equipped with N t antennas sends amplitude and phase modulation (APM) symbols to a user equipment (UE) with N r antennas, and a QAM constellation diagram of size M is adopted for signal modulation. The information bit stream vector b is split into two sub-vectors denoted by b 1 and b 2 , respectively. The sub-vector b 1 with log 2 (N t ) bits is used to determine the index i of the activated antenna for transmission, while b 2 with log 2 (M) bits is mapped into an APM symbol x chosen from a M-QAM constellation diagram. Then, the symbol x is emitted from the activated antenna i. Finally, the UE adopts maximum likelihood (ML) detection scheme to recovery both the transmitted symbol and the index of activated antenna.
Inspired by the above SM technique, we propose a novel two-user SM assisted MIMO-NONA technique. The basic procedure of this technique is shown in Fig. 3 , where the information for one user is mapped to the index of transmit antenna, while the information for the other user is mapped into an APM symbol. At the receiver side, UE1 uses a simple maximum ratio combining (MRC) scheme to estimate the index of the activated antenna. Specifically, the received signal is multiplied by the Hermititian conjugate of h i,1 , i = 1, ..., N t , where h i,1 denotes the channel between UE1 and the i-th antenna of the transmitter, yielding an N t -dimensional vector g. Then, the index of the activated antenna is the position of that element in g with the largest absolute value. At UE2, the ML scheme is used to calculate the squared Euclidean distance between the received signal and the signal h i,2 x n , i = 1, ..., N t , n = 1, ..., M, where h i,2 denotes the channel between UE2 and the i-th antenna of the transmitter, and x n is the n-th symbol of the M-QAM constellation diagram. Moreover, the combination of the index and the symbol, i.e., (i, x n ), which results in the minimum squared Euclidean distance, is the estimated result.
By doing so, the information for the two users can be conveyed in the same time/frequency/code channel.
Remark 1:
The advantages of the proposed SM assisted multi-antenna NOMA scheme are twofold. First, there is no intra-cluster interference between the two users in the same cluster, thus it is possible to improve the performance. Second, the complicated SIC signal processing at the receiver is avoided, hence it decreases the computational complexity and reduces the decoding latency of multi-antenna NOMA systems.
B. Multiuser SM Assisted Multi-Antenna NOMA
In practical systems, there may be more than two users accessing the same spectrum simultaneously. Thus, it is necessary to design a multiuser SM assisted multi-antenna NOMA scheme. Now, we extend the previously proposed scheme to the case of multiple users.
Consider a single-cell multiuser downlink MIMO system, where the BS equipped with N t antennas serves K pairs of UEs on the same time/frequency/code channel. It is assumed that each UE has N r antennas. Different from the traditional multiuser MIMO systems, where all BS antennas serve all users simultaneously, in the proposed multiuser SM multi-antenna NOMA system, the N t BS antennas are divided into K groups, each having N t /K antennas and serving a specific UE pair. Without loss of generality, the i-th BS antenna group serves the i-th UE pair denoted by UE i,1 and UE i,2 , respectively. The system model is shown in Fig. 4 .
In each group, the signal to be transmitted is processed similar to the two-user multi-antenna NOMA. However, due to the open nature of wireless channels, there exists inter-group interference at UEs, resulting in a performance loss. In order to improve the performance of multiuser multiantenna NOMA systems, it is necessary to carry out interference mitigation technique at the UE, or the BS, or the both. Since BS is equipped with multiple antennas, it is possible to make use of transmit beamforming to tackle the inter-group interference. However, for the proposed multiuser SM assisted multi-antenna NOMA, part of the information is encoded according to the channel impulse responses (CIRs). Hence, the conventional interference mitigation techniques, such as zero forcing (ZF) or minimum mean square error (MMSE), are no longer applicable. Instead, new transmit beamforming schemes which can cancel the interference and preserve the information encoded as constellation symbols and transmit antenna indexes should be used [13] , [14] . After interference mitigation, UE1 and UE2 in each group use ML detection to recovery the desired information.
C. Key Techniques of SM Assisted Multi-Antenna NOMA
In the proposed multiuser SM assisted multi-antenna NOMA scheme, the users are partitioned into K user pairs, and each user pair performs SM to share a time/frequency/code channel, while inter-pair interference is controlled by some interference mitigation techniques. Thus, the following techniques should be carefully designed according to the characteristics of the multiuser SM assisted multi-antenna NOMA scheme.
1) User Pairing:
For the proposed multiuser SM assisted multi-antenna NOMA scheme, there is no intra-pair interference between the two users, but there exists inter-pair interference. Thus, a proper design of user pairing to mitigate inter-pair interference is very important to improve the overall performance. Since the inter-pair interference is suppressed by spatial beamforming, it is desirable to pair the two users with similar signal directions together, such that the effective channel gains can be enhanced for the both users and to facilitate the cancellation of inter-pair interference. In addition, inspired by the fact that detecting the APM symbol may result in high bit-error-rate (BER), especially at low signal-to-noise ratio (SNR), while the BER caused by detecting the index of the activated antenna is less influenced by the SNR [7] , we propose that for the two paired users, the one with stronger channel is to detect the transmitted symbol, and another user is to detect the index of the activated antenna. In this way, for the user detecting the transmitted symbol, the BER is greatly improved due to its strong channel condition. Besides, for another user detecting the index of the activated antenna, there is only a small increase in BER, since it is less influenced by the SNR. Hence, the overall performance can be improved.
2) Antenna Allocation:
For the proposed multiuser SM assisted multi-antenna NOMA scheme, different user pairs are effectively served by different sets of BS antennas. Since each antenna has a distinct channel gain towards each user pair, antenna selection can have a significant impact on the user performance. In addition, the number of antennas for a pair determines the information rate of UE1. Therefore, in order to optimize the overall performance, it is necessary to allocate the BS antennas intelligently according to the channel conditions and user performance requirements.
In general, the optimal antenna allocation problem is a combinatorial optimization problem, hence can be only solved by the exhaustive search method.
3) Inter-pair Interference Cancellation:
The inter-pair interference may substantially degrade the performance of the multiuser SM assisted multi-antenna NOMA scheme, hence must be properly handled. Capitalizing on the multiple antennas at the BS, transmit beamforming appears a promising candidate for interference mitigation. As mentioned above, the BS may only be able to obtain partial CSI, hence it is necessary to design robust interference cancelation strategies for optimizing the performance in the worst case.
D. Simulation Results
We now present numerical simulation results to compare the performance of the SM assisted multi-antenna NOMA with the conventional multi-antenna NOMA. We consider the system with bandwidth of 4.32 MHz and noise density of -169 dBm/Hz. For all simulations, the channel is modeled as a product of path loss and Rayleigh fading with zero mean and unit variance. The path loss model used is 128.1 + 37.6 log 10 (r) dB, where r (km) is the distance between the transmitter and the receive. We further assume that the distance between the BS and UE1/UE2 is 0.15 km and 0.1 km, respectively, where UE1 and UE2 are any two paired users. Also, we assume that the SM assisted multi-antenna NOMA system has finite alphabet inputs, while the conventional multi-antenna NOMA uses Gaussian inputs. For simplicity, equal power allocation policy is used for the SM assisted multi-antenna NOMA system. Finally, we use N u to denote the number of users, N s to denote the size of the QAM constellation diagram. All the simulation curves are generated by averaging over 100, 000 independent channel realizations.
We first compare the sum rate performance of the two multi-antenna NOMA schemes with different N u and N s . From Fig. 5 , we obtain the following key observations:
• When N t = 8, N u = 8, and N s = 64, the SM assisted multi-antenna NOMA system achieves a higher ergodic sum rate over the conventional multi-antenna NOMA in the low and moderate SNR regime. When the number of users is decreased to 4, i.e., N u = 4, the ergodic sum rate of the SM assisted multi-antenna NOMA becomes smaller than that of the conventional multi-antenna NOMA. The reason is that, with small number of users, the intra-cluster user interference is less severe, hence, does not significantly degrade the sum rate performance.
When the number of users increases, the intra-cluster user interference becomes a major performance limiting factor for the conventional multi-antenna NOMA system.
• For a fixed N t and N s , the ergodic sum rate of the SM assisted multi-antenna NOMA gradually improves as N u increases. In other words, the SM assisted multi-antenna NOMA system achieves a superior performance for a large number of users, which makes the proposed scheme appealing since the number of devices accessing to the communication network will grow rapidly in the future 5G mobile systems.
• For fixed N t and N u , the ergodic sum rate of the SM assisted multi-antenna NOMA depends heavily with the modulation level N s . In the low SNR regime, increasing the modulation level is not able to contribute to the sum rate due to elevated decoding error. In contrast, in the high SNR regime, increasing the modulation level may significantly improves the sum rate.
Hence, adaptive modulation scheme should be used according to the operating environments.
• For fixed N u and N s , the ergodic sum rate of the SM assisted multi-antenna NOMA improves as N t increases, which indicates that it is always desirable to deploy more transmit antennas in terms of improving the sum rate performance.
Having investigated the sum rate performance, we now compare the ergodic rate of the worst user in the SM assisted multi-antenna NOMA system with that in the conventional multi-antenna NOMA system in Fig. 6 .
When N u = 8, the rate of the worst user in the SM assisted multi-antenna NOMA system is lower than that of the conventional multi-antenna NOMA system. In contrast, when N u = 4, the rate of the worst user in the SM assisted multi-antenna NOMA system is slightly inferior to that of the conventional multi-antenna NOMA system in the low SNR regime, while becomes superior in the high SNR regime. The reason is that, in the low SNR regime, the worst user in the conventional multi-antenna NOMA system obtains more spatial diversity gains, while in the high SNR regime, it is interference limited, hence, its achievable rate saturates quickly. In contrast, the rate of the worst user in the SM assisted multi-antenna NOMA system is constrained by the number of antennas for each pair in the high SNR regime. For instance, the highest rate is 2 bits/s/Hz when N u = 4 since each pair is served by 4 antennas, and 1 bits/s/Hz when N u = 8
since each pair is served by 2 antennas. Also, as the number of user increases, the rate of the worst users in both cases degrades. This is intuitive since increasing the number of users implies higher interference for the conventional NOMA system, and reduced number of antennas for each pair for the SM assisted NOMA system. Finally, we see that a higher modulation level reduces the rate of the worst user. This is because a higher modulation level may result in a larger probability of incorrect index detection at the worst user.
IV. CHALLENGES AND FUTURE DIRECTION
In the previous section, we have briefly introduced the basic idea and concept of SM assisted multi-antenna NOMA. However, to fully unleash the potential of the proposed method, there are still many practical challenges need to be tackled, as elaborated below.
A. Joint User Pairing and Antenna Partition
In the proposed multi-user SM assisted multi-antenna NOMA system, the two users in each pair adopt different modulation formats, i.e., QAM modulation and spatial modulation, hence, the user paring methods proposed for users with same type of modulation format may no longer be suitable, as such, it is important to design new user pairing method tuned for the considered scenario. In addition, the users and antennas are coupled through the propagation channels, hence, to achieve optimal performance, it is imperative to jointly optimize the user pairing and antenna partition.
B. Adaptive Modulation
As illustrated in Fig. 5 , the achievable sum rate depends heavily on the operating SNRs and modulation level N s . Hence, adaptive modulation should be applied to improve the sum rate performance. However, different from the conventional single user adaptive modulation scheme, where the change of modulation level does not affect other users, in the current system, the change of modulation level of UE2 may also affect the signal detection performance of UE1. Therefore, novel adaptive modulation scheme should be designed, which takes into account of the channel conditions and QoS requirements of both users.
C. Joint Beamforming Design and Power Control
Beamforming design and power control are two key methods to tackle the inter-pair interference for the multi-user SM assisted multi-antenna NOMA system. The primary goal of beamforming design is to suppress the inter-pair interference, nevertheless, it affects the effective channel gain of the users in each pair. Therefore, beamforming design and power control should be jointly considered to achieve optimal performance.
D. Imperfect CSI
In practice, acquiring the CSI at transmitter incurs significant system overhead, and due to practical constraints, it is likely that the CSI at the transmit is imperfect. Since the user pairing, antenna partition, beamforming design and power control all require the availability of CSI at the transmitter, the imperfection of the CSI will greatly degrades the performance of the system. Therefore, there is a pressing need to develop novel design theories and practical algorithms to deal with the case with imperfect CSI.
E. Massive MIMO
Since massive MIMO has the great potential to enhance the capacity of communication systems, it is highly desirable to combine the novel SM assisted NOMA with massive MIMO. However, to reap the benefits of massive MIMO, a number of issues need to be addressed. For instance, when the number of transmit antennas is very large, channel estimation in frequency division duplexing (FDD) massive MIMO systems becomes challenging. Therefore, it is especially important to study the impact of imperfect CSI. As a low complexity alternative, limited feedback scheme is of particular interests [15] . In addition, with large-scale antenna array, optimal antenna partition and power control become much more difficult to deal with. Hence, it is also desirable to devise low-complexity suboptimal antenna partition and power control strategies.
V. CONCLUSION
This article proposed a novel SM assisted multi-antenna NOMA scheme for the future 5G mobile communication systems. Different from the conventional multi-antenna NOMA scheme, the proposed scheme makes use of SM to realize channel sharing between two users. Furthermore, through antenna partition, the SM assisted multi-antenna NOMA scheme was extended to support multi-user access. The proposed SM assisted multi-antenna NOMA scheme is capable of avoiding the use of SIC at the receiver, and thus significantly decrease the computational complexity. 2 Moreover, it is able to completely cancel intra-cluster interference, which is helpful to achieve user fairness. 
